
- 1 5 5 -  

SOME ASPECTS OF MOLTEN CARBONATE FUEL C E L L S  

A.D.S. Tantram, A.C. C .  Tseung and B. S. Harris 

Energy Conversion Limited, Chertsey Road, 
Sunbury-on-Thames , England ' 

The ultimate a i m  of f u e l  c e l l  deve lopent  i s  a system of 
acceptable c a p i t a l  cost  that can operate i n  an economic manner on low 
C O S L  fuels .  A l thoqh  much e f f o r t  has recently been put i n t o  
invest igat in& the  a l t e r n a t i v e  routes , t he  high temperature c e l l  remains 
a ravcured prospect. 

O f  t he  two main classes  of high temperature c e l l s  (a) s o l i d  
oxiae e l e c t r o l y t e  c e l l s  and (b)  molten carbonate e l e c t r o l y t e  cells, t he  
l a t t e r  has s i m i f i c a n t  advantages i n  i t s  lower temperature of 
c p r a t i o n  and i n  ?;lie wider avai lable  choice of materials. 

continued a t  Energy Conversion Limited, has invest igated a wide range 
CI" d i f f e ren t  concepts of t h e  molten carbonate c e l l .  These may be 
brcadly c l a s s i f i e d  as follows :- 

Work s t a r t e d  at  Sondes Place Research I n s t i t u t e  and 

1. Free e l e c t r o l y t e  c e l l s .  

2. Trapped e l e c t r o l y t e  c e l l s .  

2 . 1  Porous magnesia diaphragms. 

2 .2  "Semi-solid" o r  "paste" e l ec t ro ly t e  diaphragms. 

Non-eutectic type. 

I n e r t  f i l l e r  type. 

Various combinations and compromises between these types a r e  

In t h i s  paper we a r e  concerned i n  pa r t i cu la r  with our 

a l s c  possible.  

experiences with c e l l s  based on the  i n e r t  f i l l e r  type 'of semi-solid 
e l e c t r o l y t e  diaphragm. 

b r i e f l y  cur rnain findings with the other  types. 

' 

Before discussing t h i s  work, i t  i s  worth summarising very 

JTBE ELFCTROLYTE CELLS 

The three-phase in t e r f ace  i s  es tabl ished by t h e  use of dual 
pcrcsi ty  electrcd-es run v i t h  a pressure d i f f e r e n t i a l .  W e  had great  
dLfficulty i n  f ab r i ca t ing  electrodes of s u f f i c i e n t  s t r eng th  a t  the 
CperatiRg temperature t o  I~rithstand the  necessary d i f f e r e n t i a l  pressure. 
The f ac t c r s  ccntr ibut ing t o  t h i s  were:- t he  very high surface tension 
cf lihe carbcnate n e l t  (see Table l), t he  d e s i r a b i l i t y  of a small 
cc,arse pcre s i z e  t c  obtain a high react ion a r e a  and, pa r t i cu la r ly  
v i t h  the cathode , l i m i t e d .  chcice of mater ia ls .  From preliminary 
experiments with C e l l  6.esigm su i t ab le  f o r  ba t t e ry  constpuction, i t  



- 1 5 6 -  

was a l s o  c lear  that t h e  problem of seal ing the carbonate melt would  
be extremely severe.  

Table 1. Surface Tension of Carbonate Melts, Dyn es/cm. 

OC Li,  Na, K L i ,  N a  
9, 6, 5 mol r a t i o  1 1  

430 
480 

219.8 
217 
214 
211 
208.2 

MAGNESIA DIAFEUGM CEL;Ls 

233 
230.4 
228 

I n  the absence o f  any conimercial source, we developed 
o w  own porous magnesia diaphragms. 

The main problem that w e  found w i t h  these c e l l s  was 
l o s s  of e i ec t ro ly t e  ciue t o  creep. i t  became c l ea r  that a much 
smaller pore s i z e  w a s  desirable, coupled w i t h  very accurate  control  
of the m a x i m u m  pore s i z e .  
pract ice .  An add i t iona l  economic f a c t o r  w a s  the necessi ty  for a 
machining operation on the  s in t e red  diaphragms. 
were a l s o  d i f f i c u l t .  

T h i s  would prove very expensive i n  

Sealing problems 

SEMI-SOLID ELECTROLYTE. NON-EUTECTIC TYPE 

T h i s  type' depends on choosing a carbonate composition 
that i s  well  away f r o m  the eu tec t i c ,  so t h a t  there  i s  a range of 
temperature where the e l ec t ro ly t e  body i s  semi-solid. An example 
i s  Li2a3 78%, Na2C03 12%, MgO 10%. The function of the  small 
amount of magnesia i n  this context i s  t o  act as a nucleating agent 
t o  ensure the formation of small inter locking c rys t a l s  when the 
e l ec t ro ly t e  body s o l i d i f i e s  a f t e r  cast ing.  The example given has 
a usable range from about 53OoC (conductivity l i m i t )  t o  about 630OC 
( s t r eng th  l i m i t ) .  
completely molten a t  690Oc. Above this temperature, it can be cas t  
i n t o  any desired shape and this  f a c i l i t y  i s  the  main advantage of 
this type. We have successful ly  used this e l ec t ro ly t e  i n  the form 
of d iscs ,  spun c a s t  tubes and i n  a c e l l  design involving the  cast ing 
of the e l ec t ro ly t e  around performed porous electrodes.  The 
disadvantages are the narrow working temperature range and the f a c t  
that  the so1id: l iquid r a t i o  changes w i t h  temperature, making in t e r f ac  
cont ro l  d i f f i c u l t  and uncertain.  

It collapses under i t s  own weight at 670OC and i s  

SEWII-SOLID ELECTROLYTE. INERT FILTER TYPE 

I n  the normal version an extremely intimate mixture of 
a carbonate e u t e c t i c  and a subs t an t i a l  percentage of very f ine ly  
divided i n e r t  f i l l e r  (e.g.  M g O )  is  densif ied t o  form an impervious 
e l e  e t  r o l y t  e diaphragm. 

I 
e 

l 
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General ProperLies 

The physical propert ies  a r e  dependent, i n  par t icu lar ,  on 
the par t i c l e  s i z e  of t he  i n e r t  f i l l e r  and on the percentage used. 

AL the operating temperature, the carbonate component i s  
molten and i n  this s t a t e  the material i s  somewhat analagous t o  a 
clay-\rater system over a pa r t i cu la r  range of composition. 

Under compression the mater ia l  behaves i n  typ ica l  fashion, 
there  being an i n i t i a l  e l a s t i c  period ( w i t h  some hys te res i s )  leading 
'LO a f i n a l  y ie ld  point,  which i s  qui te  high enough t o  make the 
mater ia l  of prac t i ca l  use (e.g.  >50 p . s . i .  for 63% NO). Compressive 
creep i s  extremely small, being undetectable i n  normal use. F i  w e  1 
ShcT'S the i l l t egr i ty  of a diaphragm a f t e r  a 20-day c e l l  t e s t  a t  %Ooc,  
i n  bilicri a seal ing pressure of 1 0  p . s . i .  was used. 

I m x L  be avoided i n  any c e l l  o r  ba t t e ry  construction w i t h  this material .  

' p a r t i c l e  s i z e  and represents a compromise between s t rength  which 
increases with f i l l e r  content and conductivity which decreases w i t h  
f i l l e r  content;, 7.g. f o r  50 w% MgO the diaphragm fac to r  i s  2 .5  and 
f o r  63.5 TI$ MgO it i s  4.0.  

l i i th the sett ing-up of an optimum three-phase in te r face  a t  the electrodes.  
Electrolyze re ten t ion  i s  only a problem a t  the lower end of the  range 
cf usable f i l l e r  content. 

en t i r c ly  surface tension forces  and depend u on there  being, i n  
, pract ice ,  an extremely high meniscus length ?molten carbonate - i n e r t  

( f i l l e r )  a t  the surfaces of the  diaphragm. T h i s  i s  demonstrated by the 
fact %hat a sample fully immersed i n  molten carbonate loses v i r t u a l l y  
a l l  i t s  compressive s t rength.  

FABRICATION METHODS 

Shear s t rength  is, however, very l o w  and shear s t r e s ses  

Optimum composition i s  dependent i n  part on the f i l l e r  

There a r e  a l s o  r a the r  less definable requirements associated 

The forces holding these diaphragms together are almost 

' 

1 
\ 

I 11 Ccld Pressing and Liquid Phase  S in te r ing  

3 
I 

It i s  not possible  t o  produce high densi ty  diaphragms by 
~ k i s  methcd, although rather b e t t e r  r e s u l t s  a r e  obtained i f  the 
s in t e r ing  i s  carr ied out i n  vacuum. (See Figure 2 ) .  

Three s teps  normally take place i n  a l i q u i d  phase s inter ing.  , )  

, (a )  Pa r t i c l e  reerrangement under the influence of surface tension 

I prccess. ( e )  Solid s t a t e  s in t e r ing  of the  so l id  component. I n  the !\ 
' 1::dch T r i l l  r e s i s t  (a ) .  The s o l u b i l i t y  of magnesia i n  the molten 

), These 

Y 

forces.  

present case, rre a re  l i a b l e  t o  s t a r t  w i t h  a continuous magnesia network 

carbonates i s  too l o v  f o r  ( b )  t o  appreciably occur and the temperatwe 
is LCC 10x1 for appreciable s in t e r ing  of the magnesia ( e ) .  
f ac t c r s  explain why high density diaphragms cannot be made by cold 
pressing and l i q u i d  phase s in t e r ing .  

(b)  An increase i n  density by a solut ion and reprec ip i ta t ion  
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Hot Pressing 

(a) Above the carbonate melting point.  

We have had l i t t l e  success w i t h  s t r a i g h t  moulding of diaphragms 
by this method, due mainly t o  extrusion of the  mater ia l  between aunge r  
and mould. Some experiments w i t h  i n j ec t ion  moulding did, however, 
i nd ica t e  that this would be feasible w i t h  high precis ion e q u i p e n t .  

Below the carbonate melting point.  (b) 

We f ind  that j u s t  below the  carbonate melting point the mater ia l  
exhibits a high degree of p l a s t i c  flow and this method enables us t o  
mould diaphragms t o  a high densi ty  without any of the problems of extrusion 
c r  s t ick ing  t o  the  mould. The great  advantage of t h i s  method i s  that 
it  enables us t o  f a b r i c a t e  a wide var ie ty  of shapes t o  a f i n i s h  as good 
as that of the moulding equipnent. 
diaphragm made i n  this way. They are shown as pressed, some of the 
graphi te  used as the  mould release agent s t i l l  being present.  
a r e  cavited t o  form the e lec t rode  gas space, baf f led  t o  give-good gas 
a iscr ibuxion and have s i l v e r  current  cEl lectors  and connecting gaskets 
pressed on i n  the same operation. We ]rave a l s o  found it  possible t o  
form gasporting i n  the  same moulding operation. It i s  a l so  possible 
t o  press on electrodes at the same time, thus giving a complete unit 
c e l l  from one pressing operation. (Figure 4 ) .  We f ind ,  however, t h a t  
the  conditions normally used result i n  an excessive reduction i n  
e lec t rode  porosity leading t o  poor performance. Subsequent attachment 
of the electrodes i s  therefore  preferred.  

Pretreatment of the mater ia l  i s  important. The magnesia 
f i l l e r  and the a l k a l i  metal carbonates are int imately mixed by b a l l  
mi l l ing  and pref i red  at 7OO0C t o  750OC. 
t o  ensure intimate mixing, complete reac t ion  of impuri t ies  and complete 
e l iminat ion o f  adsorbed water, (more about this l a t e r ) .  It i s  

c e l l  operating temperature. This pretreatment i s  repeated at least 
once more. The material i s  then ground t o  below 20 mesh t o  provide 
the feed f o r  the hot pressing operation. Alternat ively,  it may be 
f u r t h e r  ground, cold pressed and s intered,  t o  form a "b iscu i t "  blank 
for the  hot moulding operation. 

Figure 3 s,hows some efiectrolyte 

They 

This pre f i r ing  treatment i s  

important that the p r e f i r i n g  temperature be above the maximum ultimate I 
I 

i 
The e f f e c t s  of some of the var iables  a r e  shown i n  f igure  2 .  

One of our  standard compositions i s  63.5% MgO, which was  
I 

based on measuring the porosi ty  of pure MgO hot pressed under the 
same conditions and computing t h e  amount of molten carbonate necessary 
t o  j u s t  f i l l  this porosi ty .  
higher  MgO contents can, i n  fact, be used due t o  the lubr ica t ing  
ac t ion  of the carbonate component. 

49OoC when using binary e u t e c t i c  ( N a  and L i  carbonates) and at 385OC 
when using ternary e u t e c t i c  ( N a ,  Li, K carbonates).  

i 
W e  see that i n  prac t ice  ( f igu re  2)  much 

O u r  normal se lec ted  pressing conditions are 5 t .s . i .  at 

41 
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Our densi-cy f igu res  for the  carbonate melts are:-(t  in°C) 

For Li,  N a  

1, 1 mol r a t i o ,  2.030 - 4.30 x lO-*(t-500) g/cc 

For Li,  N a ,  K 

9, 6, 5 mol r a t i o ,  2.085 - 4.87 x 10-4(t-400) g/cc 

I n f i l t r a t i o n  

An  i n f i l t r a t i o n  method has a l s o  been used successfully 
for the  fabricat ion of e l ec t ro ly t e  diaphragms. A cold pressed 
d.iap:hrae;m of loo$  magnesia w i l l  break up on i n f i l t r a t i o n ,  but the 
prccess may be successfully ca r r i ed  out i f  t h e  s t a r t i n g  material 
contains an appreciable percentage of the a l k a l i  metal carbonates. 
An example i s  as follows :- 

A mixture cf magnesia (33" 5w$ with sodium-lithium carbonates 
preiYrea,.ground and cold pressed a t  10  t .s . i .  T h i s  diaphragm 
i s  s intered a t  600°C, cooled and placed on a prepressed d i sc  
cf 1005 sodiuni-lithium carbonate. The whole i s  then reheated 
t o  600°C f c r  half  an hour. The addi t ional  carbonate infiltrates 
i n t o  the diaphragm as it melts. There i s  some danger that the 
i n f i l t r a t i n g  l i q u i d  w i l l  bypass some of the pores and leave 
these unfilled, but this can be overcome i f  the operation i s  
carr ied out under reduced pressure, a carbon dioxide atmosphere 
being advisable. Excess e l e c t r o l y t e  i s  ground off  t h e  diaphragm 
a f t e r  cooling. The product contains 46 w% of t he  carbonate 
e l ec t ro ly t e ,  has .a density of g rea t e r  than 97% of the theo re t i ca l  
and the l i n e a r  shrinkage i s  l e s s  than 0.5%. 

Operatiny: Ekperience 

relevant  t o  t he  use 0: semi-solid e l ec t ro ly t e .  
tes ted some 120 2-1/2 diameter c e l l s  ( 2 0  em2 ac t ive  area) and about 
60 of 4-1/2" diameter (80 em2 ac t ive  area). 
experiment.al stacks of 4-1/2" diameter, giving about 50 watts output. 
Figure 5 shovs one of these. s tacks complete with heater and i n s u l a t i m .  

A va r i e ty  of e lectrode materials have been used, but a 
typ ica l  example vould be - f o r  t he  anode, "B" nickel, granulated, 
presintepeti and graded t o  -100 -t 120 mesh- f o r  t h e  cathode, cosintered 
i?g/Cu20/Zn0 (25/2.5/72: 55 by t J t .  ) and graded -100 + 120 mesh. I n  
bcth cases these mater ia ls  a r e  made i n t o  a slurry with a s i l v e r  
suspension containing a temporary binder (giving 1% added s i l v e r )  and 
applied to the f aces  of the e l e c t r o l y t e  diaphragm i n  this form. 
21ect.pcdes are then s in t e red  i n  s i t u  as the c e l l  i s  brought up t o  
operating temperat.ure. Typical e lectrode thickness i s  .1 mm, porosity 
505 on a j mm thick e l e c t r o l y t e  diaphragn. 

We w i l l  l i m i t  ourselves here t o  points that are spec i f i ca l ly  
We have made and 

We have a l s o  made some 

The 
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A s  the e l e c t r o l y t e  component of the diaphragm melts, it 
expands t o  p a r t i a l l y  w e t  the  electrode and a stable three-phase 
in te r face  i s  s e t  up. This process takes r a the r  longer t o  equi l ibra te  
than one might imagine and i s  i l l u s t r a t e d  i n  f igu re  6, where the 
i n t e r n a l  res i s tance  of a new c e l l  i s  followed over an i n i t i a l  temperature 
cycle of 2 hours durat ion.  The extent and lcca t ion  of thetkree-phase 
in te r face  w i l l  depend on the  balance between the  surface tension forces 
i n  diaphragm and e lec t rodes .  It w i l l  be a f fec ted  i n  pa r t i cu la r  by the 
very f ine  microstructure i n  the electrode, f o r  instance by the  ac t iva t ion  
treatment mentioned la ter .  These f ac to r s  a r e  d i f f i c u l t  t o  control  and 
this  i s  one o f  the  disadvantages of t h i s  type of c e l l  construction. 

Performance and Endurance 

electrodes and those s p e c i a l l y  act ivated.  
ac t iva ted  i n  s i t u  by a control led p a r t i a l  oxidation, using a small 
percentage of oxygen i n  ni t rogen such that about 5w% of the nickel  
i s  oxidised, followed by reduction with the  f u e l  gas. The e f f ec t  of 
such an ac t iva t ion  i s  shown i n  f igure  7. 

An e lectrode ac t iva ted  i n  t h i s  fashion does, however, show 
a f a l l  i n  a c t i v i t y  w i t h  time and a f t e r  about 60 hours the performance 
is the same as  an unact ivated electrode, which would remain unchanged 
over this period. We have experimented, w i t h  some success, w i t h  
methods of s t a b i l i s i n g  this ac t iva t ion ,  but the  long term results 
reported here r e f e r  t o  the lower l e v e l  of performance. Figure 8 
shows the performance obtained w i t h  an ac t iva ted  nickel  e lectrode on 
pre-reacted methane-steam and on hydrogen. 
of the f a l l  i n  anode a c t i v i t y  and the longer term performance 
de ter iora t ion  discussed below. 

We must first of a l l  d i s t inguish  between "unactivated" 
The d c k e l  anode may be 

Figure 9 shows the e f f ec t  

I n i t i a l  endurance t e s t s  w i t h  these c e l l s  showed that there  

The behaviour was not pa r t i cu la r ly  reproducible and 
was a progressive de t e r io ra t ion  in performance occurring i n  the hundreds 
o f  hours region. 
d id  not show any t rend with temperature of operation or w i t h  current 
densi ty  and, i n  f a c t ,  similar r e s u l t s  were obtained w i t h  c e l l s  l e f t  

f a l l -o f f  was due t o  de t e r io ra t ion  of the e l ec t ro ly t e  diaphragms. 
Physical examination of  the  diaphragms a f t e r  the t e s t s ,  showed the 
presence of laminar faults. 
It should be noted that we have chosen pa r t i cu la r ly  extreme examples 
t o  i l l u s t r a t e  the phenomenon, the faults being usual ly  considerably 
less marked. These faults result i n  (a) an increased i n t e r n a l  res is tance 
and (b) increasing in te r -e lec t rode  leaks leading t o  f a l l i n g  performance. 
Using gas chromatographic techniques we were ab le  t o  obtain a 
cor re la t ion  between f a l l i n g  performance and increasing leaks.  
procedure was as follows:- 

on open c i r c u i t  f o r  the bulk of the time. It was suspected that the I 

i Examples of these are shown i n  f igure  10. 

~ 

The 
1 

With the c e l l  on open c i r c u i t ,  hydrogen feed t o  the anode - 
and air/carbon dioxide t o  the cathode, t he  nitrogen content of the  
anode ef f luent  w a s  analysed. T h i s  nitrogen could come by i n t e r -  
e lectrode d i f fus ion  o r  ,by d i f fus ion  through a gasket l eak  f rom the 
ex terna l  air. The cathode feed was then temporarily replaced by 
methane and the n i t rogen  estimation i n  the anode e f f luen t  was repeated. 
I n  this m-er a semi-quant i ta t ive measure of both gasket and in t e r -  
e lectrode leaks"  could be obtained. The gasket leak  did not 
normally a l t e r  w i t h  time and w e  were, i n  f ac t ,  able  t o  eliminate 
this, by making the  s e a l  d i r e c t l y  between the e l ec t ro ly t e  diaphragm 
and the  separator  i .e.  i n  e f r ec t  by abol ishing gaskets. 

I 

I ,  

( i  

I 

Figure 11 
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shcli:is an example cf the corre,lation between f a l l i n g  perf ormance ..and 
iiicrcasinp, inter-electrode leak. 

Diaphrapi deterioi-ation was overcome by ensuring complete 
elL!:.iiiiaticn of chemisorbed' water from the mater ia l  used f o r  hot 
.pressing. Any sti.11 present would be evolved during operation of 
.Lhs c e l l  i n i t i a t e  the lamination faults. These would tend t o  get  
i..'crse with time, ' due prcibably t o  erosion effects  a r i s i n g  from chemical 
cor.Ybusticn el' the f u e l  and oxygen d i f f u s i n g  i n t o  the diaphragm. 
Water is very tenaciously held by magnesium oxide and much longer 
prcr'irinS times are necessary than might be thought. I n  addition, the 
p?bfired mater ia l  t i i l l  qui te  readi ly  readsorb water and s t r i c t  precautions 

C t o  be ta1:ren t o  ciisure that this  does not  occur. Figure 12 i l l u s t r a t e s  

i .)CcJl paic"l Lo .these f ac to r s .  The increase i n  performance seen i n  the  
micl:C.lc: c:f tifls @ r t i c u l a r  Cest was not explained. F ina l ly  . f igure 13 
S!IC:~IS i;hc absence of f a u l t s  i n  an improved diaphragm after a c e l l  test 
ci' :+513 ]1c..us. 

C O ~  1 i" l i l  s i c:i:S 

s table  performance that can be obtained when s t r i c t  a t t en t ion  has 

Prac t i ca l  c e l l s  , based on "semi-solid" e l e c t r o l y t e  diaphragms, 
can bc im6.c w i t h  promising performance ,and endurance cha rac t e r i s t i c s .  
1wr'ihc.r inprovcments are. desirable  and the re  a r e  indicat ions t h a t  . 
thesa can bo achieved. 
- 

Careful ba t t e ry  design should be able t o  obviate the 

The hot pressing f ab r i ca t ion  technique should be amenable 

diss6.vantaps cf this type of  c e l l  and t o  exploi t  i t s  advantages. 

t o  m s s  production method-s, s ince the required conditions are not too 
Car rei-loved from e s i s t i n g  p l a s t i c  moulcling pract ice .  T h i s  could prove 
en ir;iportar;i f a c t o r  i n  achieving low c a p i t a l  cost .  

THE ANODE bECHA.NISM 

For  t ne  high temperature c e l l  t o  f u l f i l l  i t s  promise 
CcrislCerably 1xLC;her power dens i t i e s  are required. 
ic:;ical s t eps  i n  this d i r ec t ion  a b e t t e r  understanding of t he  elel:IJrode 
pr(:ccssss a i d  t h e i r  rate control l ing s t eps  i s  desirable .  
cli:rcfcrs-, taking a fresh look a t  this problem and the preliminary 

_ _  -init ial  s ' i~Liy ,  s ince i n  p rac t i ca l  c e l l s  the g rea t e r  p a r t  of the 
pclarisstici? i s  normally a t  t h i s  electrode. 

To be able  t o  take 

We are, 
. -  

rc^"'-7 u 3 L ~ - L s  ! are repcrte6. here. The anode process was chosen f o r  the 

nhz L A -  c zs t  c e l l  used. is shown schematically i n  f igu re  14. 
61sc l-.clucied, but -net shown, were a reference electrode and a 

r::ccouple pccl.ret. Ycth the counter electrode and reference 
cLrc.-'c __" 7:rzr-s CZ platinilrr! gauze p a r t i a l l y  immersed i n  the e l ec t ro ly t e  
b c t h  vieye supplied ind-ependently v i t h  a 2.5:l air - carbon dioxide 

; ~ ~ 1 5 t u r 2 .  The e l e c t r c l y t e  vas an equimolar mixture of sodium and 
lLtL>L-Lii? czpljcnates. 

n. lne pcsi t ioning device enabled the  e l e c t r o l y t e  crucible 
raiss5 cr lc?rered thus, controllLi.ng the  degree of electrode 

S i c ; ? .  S t a r t i n g  Vith the  e l e c t r o l y t e  l e v e l  below the  bottom 
e cest  electrcd-e, the crucible i s  raised. slowly :mt i l  " f i r s t  
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touch" i s  regis tered by an e l e c t r i c a l  cont inui ty  t e s t .  The r e su l t s  
quoted here are  a l l  w i t h  a fu r the r  immersion of 0 .1  inches. 
addi t ion  t o  this there  w i l l  be a meniscus about 0.25 inches high. 

chosen f o r  examination, one point being that the  la rge  difference 
i n  possible  hydrogen d i f f h i o n  r a t e s  through the  bulk metal could 
lead t o  i n s t ruc t ive  r e s u l t s .  The f o i l  e lectrodes were 0.005'' th ick  
and 1.15 ems wide. 
The f o i l s  were used as received, w i t h  no pretreatment. 

In 

I n i t i a l l y  both nickel  and silver-palladium f o i l s  were 

The silver-palladium used was t h e  23s s i l v e r  a l loy .  

The anode compartment was swept.with a la rge  excess of 
hydrogen a t  1 a t m .  

Results and discussion 

obtained under "white spot 
r e l a t i v e l y  low corrosion currents  a r e  possible  i n  t he  poten t ia l  
range o f  i n t e r e s t .  

hydrogen oxidation on n icke l  and silver-palladium at 55OoC. The 
n icke l  curve was not very reproducible. The reproducib i l i ty  
of  the  silver-palladium curves i s  discussed later. 

Figure 15 shows ;he corrosion curve f o r  t h e  silver-palladium 
nitrogen, and ind ica tes  that  only 

Figure 16 cmpares  the current voltage curves f o r  

Figure 17 shows p lo t s  of E versus log i f o r  hydrogen 
oxidation on silver-palladium a t  55OoC and 600 C respectively.  
It is seen tha t  t he re  i s  a very well defined l i n e a r  port ion 
extending over nearly two decades. 

between E and i w a s  very similar t o  tha t  between E and x, where 
x describes the composition o f  a p a r t i a l l y  reacted fue l  i n  the  
manner shown below. 

reac t  w i t h  COZ-, 

and that b m o l s  of  & r eac t  m r t h e r  with the  C02, 

equilibrium being reached. 

r e su l t i ng  mixture a r e  therefore ,  

A t  this s tage  it w a s  noticed that the re la t ionship  

Assume that w e  s tar t  w i t h  1 mol o f  H2 and tha t  x mols 

H2 + Cos2- = H20 + C02 + 2e ~ 

H2 + C O n  = H20 + GO 

For 1 a t m  t o t a l  pressure, the p a r t i a l  pressures i n  t h e  

and w e  can wri te  f o r  the water gas equilibrium 

= K  (x + b )  b 

........................... (1) C1 - (X + b)ICx - b l  
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I 

A t  a given temperature t h i s  equation can be solved t o  obtain 
values of b t o  correspond with selected values of x. The 
corresponding p a r t i a l  pressures may then de derived and, from them, 
the  c rresponding values f o r  E using the  equation 

Po; and Pco; r e f e r  t o  t h e  p a r t i a l  pressures a t  t h e  cathode. 

i s  t h e  equilibrium constant f o r  2H2 + 02 = 2H20. 

we can write 

KO 

A t  a given temperature and f o r  constant cathode conditions 

E = Constant + log, [l- ( x  + b ) ]  (1 + x )  
(X + b ) ( x  - b )  . . . . . . . . . . .  (3)  2F 

It i s  found t h a t  t h e  p lo t  of E versus loglox i s  l i n e a r  
over a wide range and i t  i s  t h e  slope (Sx) of t h i s  p lo t  t h a t  
2olicspondeC Ziosely with t h e  observed slopes (Si) of t h e  
i , L L i Z !  i ; ~ : p c - h ~ a t a l  E - l og lo i  p lo t s  a t  55OoC and 600OC. 
fl_xires Si'? tabulated i n  table 2. 

These 

Table 2,  Values of K, S,, S ; ,  and cy--. 

OC K sX 
mV 

si 
mV 

550 0.219 197 197 0 . 4 1 4  

600 0.295 226 233 0.383 

650 0.385 246 0.372 

-00 0.49 262 0.368 

ce7 1 336 0.343 

ax' i s  t h e  value derived from wri t ing Sx = 2 . 3  RT ' 

2Fa, 
A 

These considerations suzgested tk following picture .  
I n  t h e  low current region ( i . e .  down t o  about 0 . 9 5 ~ )  t h e  most 
important f a s t o r  i s  t h e  diffusion r a t e  of react ion products away 
from the reactlon s i te ,  on t h e  immersed portion of t he  electrode, 
thyoagh the  meniscus t o  t h e  bulk gas. 
proportionel t o  the cwcent ra t ion  difference and so the  
c.ncentration of products a t  the recct ion s i te  has t o  bu i ld  up 
appreciably before a reasonable diffusion rate i s  possible.  
This build up w i l l  a f f e c t  t he  electrode po ten t i a l  i n  a s imi l a r  
manner t o  thkt  defined by equation 3. A s  t h e  current i s  fu r the r  
incre.e.sed the  rate of hyarogen diff'usion t o  the react ion s i t e  
wo2ld become ;$e, mo?! h p o r t a n t  factor .  
~ : i i s  VL":.: LS LLIL.T; silver-psilac.ium, which- has an ado.itiona1 route f o r  

Thi:. rate should be 

Confirmatory evidence f o r  

--,. ..8.-c? . -  .:. ;:E2 <.ii'I".XLG:! th?rs:lg;h the  bull: metal, 
~ - ; ; Y ; Y ~ L I ~  s than nickel. supports much higher 
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n more p r e c i s e  statement of t h e  hypothesis i s  as follows:- 
A t  'a given current t h e  observed polar i sa t ion  i s  due t o  t h e  change i n  
surface concentrations necessary t o  produce the  diff 'usion rates 
of both reactants  and products t o  meet t h e  requirements of t h e  
processes occurring. 

Making t h e  following assumptions: - 

The p a r t i a l  pressures  of COZ, HzO and CO i n  t h e  bulk gas 
(Ha at 1 a t m .  ) are a l l  zero. 

The sur face  concentrations at t h e  react ion s i te  can be 

The d i f f u s i o n  r a t e s  are d i r e c t l y  proportional t o  the 

( C O F  + H2 = C02 + H20 + 2e) 

(Ha + C 0 2  = CO + H20)  fast, 

e tc . ,  i n  atrn. 'Ha described i n  terms o f  partial pressures, 

p a r t i a l  pressure differences.  

Rate of  discharge of COZ- = i 

R a t e  of  formation of CO = y 

t h e  r a t e s  being expressed i n  u n i t s  of  current,  i .e .  coulombs/sec. 
Then w e  can write,  

Rate of HZ in = i + y = kl (1 - P ) 

f a s t .  

hence P = kl - (i + y )  
k i  

hence PH20 = i + y 

hence Pco 

H2 Hz 

'H20 Rate of H20 out = i + y = k 
k2 

= i - y co 2 2 
Rate of  COz out = i - y = k3 P 

k3 

Rate o f  CO out = y = k4 Pco hence Pco = 

k4 

The k ' s  involve t h e  d i f f u s i o n  coeff ic ient ,  H e n r y ' s  l a w  constant 
and the  geometry of t h e  d i f fus ion  path. 
9ec-l a t m .  -I. 

The units will be coulombs. 

. For the water gas equilibrium, 

For the c e l l  e.m.f. at a given temperature 
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W e  cannot solve these equations without a knowledge of 
t h e  k values, but a c e r t a i n  amount of information can be obtained 
using t h e  analogy with t h e  equations i n  x and b, (1) and ( 3 ) ,  which 
can be solved. W e  f ind ( a )  t h a t  Si w i l l  be very l i t t l e  affected by 
the  value o f  kl provided t h a t  kl i s  appreciably g r e a t e r  than i + y 
i. e . ,  provided we are not near t h e  l imit ing current condition and 
( b )  that  Si w i l l  be appreciably affected by the  value of K1. The 
e::tclit of t h i s . v a r i a t i o n  can be seen by comparing the  var ia t ion  of g, with K i n  t a b l e  ( 2 ) .  
e a r l i e r ,  k~ ii4 would have t o  be f a i r l y  c lose t o  1. 

To explain the experimental f i t  noted 

k i  I C 3  

Attempts t o  obtain confirmatory experimental r e su l t s ,  
however, m e t  with some d i f f i c u l t y .  In a l l  cases a w e l l  defined 
l i n e a r  range on t h e  E - log i p lo t  was found, the individual 
curves reproduced well with r i s i n g  and falling current,  and the  
values of Si i n  a given series increased w i t h  temperature. 
O t h e i ?  hend t h e  v z h e s  f o r  Si, obtained i n  d i f f e ren t  series, done 
f o r  example on d i f f e ren t  dags, showed a wide s c a t t e r .  The following 
f igu res  show t h e  extremes recorded. 

On t h e  

( a )  A t  a given temperature (65OOC) 
Lowest Si = 165 mV , (ai = 0.555) 

Highest Si = 530 mV , (ai = 0.173) 

( b  ) A t  any temperature. 

Lowest Si = 147 mV , (ai = 0.536) at 52OoC. 

Highest Si = 800 mV , (ai = 0.121) a t  70OoC. 

A t  first s ight  it was d i f f i c u l t  t o  explain these var ia t ions 
on t h e  diffusion theory, since they implied a very wide va r i a t ion  i n  
the  value of kB k4 and it was hard t o  see how t h i s  could occur. 

ki k3 
It w a s ,  however, noticed t h a t  the value of Si w a s  dependent 

on t h e  h i s to ry  o f  the anode compartment conditions i n  t h e  following 
manner. If t h e  anode compartment had been l e f t  f o r  a long period 
under pure hydrogen, low values f o r  S were obtained. If, however, 
it had been l e f t  under carbon dioxide before t h e  t e s t s  with pure 
hydrogen, high values were obtained f o r  si. 
sugzested the  following explanation. 
decomposition of t h e  carbonate e l e c t r o l y t e  i n  t h e  anode compartment 
w i l l  occur, leaving i t  GOa depleted and r i c h  i n  M20. This w i l l  
mean t h a t  there  i s  a chemical sznk avai lable  f o r  t h e  carbon 
dioxide, produced when taking a current, and would be expected t o  
r e s u l t  in a very high value f o r  k3 (Cog) as compared with diffusion 
twough t h e  l i q u i d  t o  the bulk gas. There would a l s o  be a tendency 
f o r  k2(H20) t o  increase f o r  t h e  same reason, but s ince the  
equilibrium 

i 

This observation 
I n  t h e  former case some 

I . . .  
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2 blOH+ COZ = b12 COsm+H20 ............................ (6) 
i s  well over on t h e  carbonate s ide we might expect t he  e f f ec t  on 
k2 t o  be considerably l e s s  marked. If t h i s  i s  t rue  then we can see that  
the value of K1 w i l l  be considerably reduced and t h i s  w i l l  r e su l t  i n  
an abnormally low value f o r  Si. 
anolyte has been under C 0 2 ,  but starved of H20, similar considerations 
w i l l  d i c t a t e  a low value f o r  kz C O e )  and a high value f o r  k2 (H20) 

would expect a high value for K1 and hence S.. Confirmatory 
evidence i s  t h a t ,  i n  t h e  Con def ic ien t  condi%ion, unnaturally low 
open c i r c u i t  vol tages  were observed on hydrogen. This i s  t o  be 
expected ‘ f  the concentration of oxygen ions i n  the  anolyte i s  

Final ly  the  l imi t ing  current region was explored f o r  

One can a l so  postulate  that when the 

due to t h e  reverse of reac t ion  ( b ) above. I n  t h i s  case therefore  we 

increased Fz )- . 

various hydrogen-carbon dioxide mixtures on silver-palladium and 
the  r e s u l t s  a re  shown i n  figure 18. 
l i m i t i n g  current region w a s  very unstable.  

Conclusions 

It i s  poss ib le  t o  explain the experimental r e s u l t s  i n  terms 
of a diff’usion cont ro l  mechanism, but f b r t h e r ,  more rigorously 
control led experiments a r e  necessary t o  obtain a va l id  quant i ta t ive  
cor re la t ion .  We pos tu la te  t h a t  at a given current densi ty  the observed 
polar iza t ion  i s  due t o  the  change i n  surface concentrations necessary 

t o  meet the  requirements of the  processes occurring. It follows 
t h a t  i n  the lower current  densi ty  region the  diff’usion r a t e s  of t h e  
products a r e  the  dominant f ac to r s  and t h a t  i n  the  higher current density 
region t h e  r a t e  of hydrogen d i f fus ion  w i l l  become dominant. I n  t h e  
l a t t e r  case t h e  r a t e  o f  d i f f i s i o n  o f  hydrogen through’the bulk metal 
can be of great  s ignif icance.  

With pure hydrogen the 

’ t o  produce the d i f f i s i o n  r a t e s  o f  both reac tan ts  and products 

An e s s e n t i a l  p a r t  of the  treatment i s  the  assumption tha t  
t he  water gas s h i f t  occurs a t  t he  electrode surface and reaches 
e qui1 ibr ium. 

un l ike ly  i n  view of t he  wide va r i a t ion  i n  wi‘that w a s  found. 

influence the diff’usion rates of C02 and H20. 

metals and other fuels. 

Any explanation i n  t e r m s  of ac t iva t ion  control  seems 

P a r t i a l  decomposition of t he  anolyte could s t rongly 

The inves t iga t ion  will continue wi th  s tud ies  on other  
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Fig. l . -CEU AFTER 20 DAYS AT 650°C AND 10 PSI SEALING 
PRE3SURE, SHOWING LACK OF DIAPHRAGM CFUBP 
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Fig. 3 , -HOT -PRESSED ELECTROLYTE DIAPHRAGMS, 2 .5" 
AND 4.6'' IN DIAMETER 

Fig. 4. -SECTION OF INTEGRAL CELL 
MADE BY SINGLE HOT-PROCESSING OPERATION 



Fig. 5.- FIFTY-WATT BATTEXY WITH HEATER AND INSULATION 
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FIG 6 ESTABLISHMENT OF 3 PHASE INTERFACE 
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CELL AT 550OC.  
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FIG. 7 EFFECT O F  ANODE ACTIVATION. 
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1 I 

FUEL CH4: H 2 0  ( 1 :  2 )  PREREACTED 65OOC. - 
80 mAlcm2 10 UTILISATION. 

1.c 

0.6 

CURRENT DE NSlTY mAlc m 2  

FIG. 8 INITIAL PERFORMANCE CELL H.f?48 
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Fig. LO.-SECTIONS OF ELECTROW DIAPHRAGMS AFTER 
450 HOURS AT 6 0 0 " ~ .  SHOWING SEVElB LAMINAR FAUU'S 
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1.0 

FIG. 1 1  DETERIORATING DIAPHRAGM. PERFORMANCE --LEAK. 

- 

I 

P 
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I I I 

CONSTANT CURRENT 4 0  m A / c m 2  
H2 600OC. 

- 

DAYS ON LOAD. 

FIG. 12 IMPROVED DIAPHRAGM. ENDURANCE. 
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F i g .  l).-SECTION OF IMPROVED DIAF)inP.c,M AFTER 
450 HOURS AT 6OOuC, SHOWING ABSENCE OF LAMINAR 
FAULTS (see Fig, 10) 
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HYDROGEN 
i 5 5 O O C  
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FIG.16 COMPARISON OF N i  AND P d / A g  FOIL ANODES 
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